Despite organic photovoltaic (OPV) devices recently exhibiting high power conversion efficiencies (\>15%^[@ref1]−[@ref4]^), they are still quite far from the theoretical limit efficiency of 23--24%.^[@ref5],[@ref6]^ This disparity depicts the need for more fundamental studies of the different processes that occur at the donor/acceptor interface. Bimolecular recombination of free charges before they reach their respective electrodes has been established as one of the main loss mechanisms in OPV devices.^[@ref7]−[@ref10]^ It has been proposed that bimolecular recombination can be inhibited in active layers with a morphology comprised of both pure, crystalline domains and amorphous/mixed domains. The crystalline domains would have a greater electron affinity in the case of the acceptor and/or a smaller ionization potential for donors, thereby creating energy sinks for charge carriers.^[@ref11],[@ref12]^ In essence, this creates not only an additional driving force for charge separation but also an energetic barrier for bimolecular recombination.^[@ref11],[@ref13]^ Both traits are highly desirable in OPV devices, and thus, control of morphology to achieve such energy sinks is critical. To do so, it is vital to characterize the polarons formed in such complex morphologies.

Transient absorption spectroscopy (TAS) is a useful technique for measuring bimolecular recombination, as the polaron signal amplitude is directly proportional to the number of charges generated in the blend.^[@ref14]^ The TAS polaron signal amplitude at 1 μs has been shown to be directly proportional to the short circuit current, *J*~sc~, of an operational photovoltaic device.^[@ref15]^ In addition, it has recently been shown that there is a clear correlation between the polaron TA intensity and the external quantum efficiency (EQE) of a device.^[@ref16]^

Herein, we study a novel cross-conjugated polymer, XIND ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, full name available in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)).^[@ref17]^ As there is no pathway of conjugation across the IND core (in the area circled in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a), the effective conjugation length of this polymer is decreased, leading to a wider optical band gap, higher ionization potentials, and greater oxidative stability compared to those of its fully conjugated counterpart. Cross-conjugation leads to a localization of the HOMO and partial charge transfer (CT) character of the primary HOMO--LUMO transition.^[@ref17]^ XIND may therefore be capable of acting as either an electron donor or electron acceptor \[as also indicated by its HOMO and LUMO energy levels ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b)\], thus allowing formation of negative and positive polymer polarons. This ambipolar character thus offers the ideal opportunity to explore the energy sink hypothesis. The dual ability of XIND to act as an electron donor (when blended with fullerenes PC~60~BM and PC~70~BM) and as an electron acceptor (blended with P3HT) was demonstrated using microsecond TAS. Crucially, this dual character enabled the identification of interfacial negative and positive XIND polarons, demonstrating their completely different spectral signatures. Importantly, P3HT blends utilizing the XIND polymers as acceptors generated very similar P3HT polaron populations compared to those of standard fullerene blends, enabling the clear identification of the negative XIND polaron. Furthermore, spectral evolution and changes in decay dynamics over the microsecond time scale revealed the presence of both bulk and interfacial polarons, again possessing very different spectral signatures.

![(a) Chemical structure of the cross-conjugated XIND polymer. The blue oval indicates where the conjugation along the polymer backbone is interrupted. (b) Energy level diagram for P3HT, XIND, PC60BM, and PC70BM. All HOMO values were taken from photoelectron spectroscopy results in the literature. LUMO values were estimated by adding the optical band gap.^[@ref17]−[@ref19]^ (c) Normalized ground state absorbance of a pristine XIND film (black) and films blended with PC~60~BM (green), PC~70~BM (blue), and P3HT (red).](jz-2019-01264k_0001){#fig1}

The ground state absorbance spectra for the pristine and blend XIND films studied in this work are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c: pristine XIND, 1:1 XIND:PC~60~BM, 1:1 XIND:PC~70~BM, and 1:1 P3HT:XIND. Pristine XIND presents an absorption spectrum that extends into the near infrared (NIR) with a peak maximum centered at ∼750 nm. The photoluminescence of XIND was very low; hence, quenching measurements could not be accurately used to assess exciton quenching ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)).

Normalized (per photon absorbed) microsecond transient absorption spectra for these films are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The excitation wavelength of 700 nm was chosen to selectively excite the XIND polymer. An excitation energy of 30 μJ/cm^2^ was chosen to perform TAS as it was in the linear regime of charges generated and light absorbed ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)). The pristine XIND TA spectrum shows a broad absorption centered at approximately 1350 nm. This band was assigned to charge carriers, due to the lack of oxygen dependence (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)), suggesting an absence of triplet states. However, because the S~1~ energy of XIND is at approximately 1.4 eV, then it is possible that the XIND T~1~ state is \<0.98 eV, the threshold for observing oxygen sensitivity. As such, the possibility that the 1350 nm band in pristine XIND is related to triplets rather than charges was explored in more detail. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf), TA spectral evolution of XIND in *o*-dichlorobenzene solution shows two components: an oxygen-sensitive, slower-decaying band at 1000 nm and a component at approximately 1350 nm with faster decay dynamics and a lack of oxygen sensitivity. Given that the ground state absorption maximum does not shift from film to solution, we can conclude that the 1350 nm band observed in both film and solution is the polaron while the 1000 nm band observed in the solution can be assigned to the triplet. This was confirmed via sensitization experiments in solution with the platinum porphyrin PtOEP, where the sensitized XIND triplet was observed at 1100 nm ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)). The assignment of charges in the pristine XIND film implies that the broad 1350 nm band must possess both negative and positive polaron signatures.

![(a) Transient absorption spectra of films obtained at 1 μs with an excitation density of 30 μJ/cm^2^ for pristine XIND (gray triangles), XIND:PC~60~BM (green squares), XIND:PC~70~BM (blue diamonds), and P3HT:XIND (red circles) upon excitation at 700 nm. Spectra have been normalized per photon absorbed. (b) The spectral evolution of a deaerated pristine XIND solution (100 μg mL^−1^ in *o*-dichlorobenzene), as compared to the 1 μs TA spectrum of the pristine XIND film.](jz-2019-01264k_0002){#fig2}

When XIND was used as an electron donor, blended with PC~60~BM, the TA spectrum measured at 1 μs showed features similar to, but more well-defined than, those seen in the pristine polymer ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The TA amplitude of the blend, and thus the polaron population, is five times higher than that of the pristine sample, an extraordinary observation considering the almost zero LUMO level offset implies virtually no driving force for charge separation (when exciting the XIND). This has been observed for the narrower band gap conjugated backbone IND polymers as well,^[@ref20]^ and suggests contributions from other factors, such as entropy,^[@ref21]^ or strong coupling between the S~1~ and charge transfer states.^[@ref22]^ The XIND:PC~70~BM film presents features similar to those of its PC~60~BM counterpart ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), suggesting that all the spectral features observed relate to the polymer and not to fullerene anions.^[@ref23],[@ref24]^

The P3HT:XIND transient spectrum at 1 μs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), where XIND acts as electron acceptor, showed the expected peak around 1000 nm assigned to the P3HT positive polaron.^[@ref25]^ The additional band at 1400 nm must therefore correspond to XIND, consistent with the similarity of this feature to that seen in the pristine XIND polymer sample. The presence of the P3HT positive polaron, after sole excitation of the XIND polymer at 700 nm, indicates efficient hole transfer from XIND to P3HT.

The similarity of the XIND TA spectra at 1 μs, regardless of whether it is acting as an electron donor or an electron acceptor, was unexpected, and thus the polaron decay dynamics were studied in more detail. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the transient decay kinetics of the XIND films using a 1:1 blend ratio (XIND:PC~70~BM shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf) due to its similarity to the PC~60~BM blend). The TA of the pristine XIND polymer charges decayed within a few microseconds. Despite this, the high initial ΔOD indicates a relatively large number of charges are generated in the pristine material. This is quite rare behavior; only a few polymers have shown significant charge density on the microsecond time scale in the pristine material.^[@ref26]^

![TA decay with excitation at 700 nm and an excitation density of 30 μJ/cm^2^ for pristine XIND (black line) and XIND:PC~60~BM (green) probed at 1200 nm, and P3HT:XIND probed at 1000 nm (purple) and 1200 nm (red). The black dotted lines represent the power law fittings. All blend samples are 1:1 by weight.](jz-2019-01264k_0003){#fig3}

When the compound was blended with P3HT, the dynamics were probed on two different wavelengths: 1000 nm (P3HT polaron) and 1200 nm (XIND polaron). The decay dynamics of P3HT:XIND with a probe wavelength of 1000 nm show a single power law decay (ΔOD ∝ *t*^--α^) from approximately 2 μs onward with an α value of 0.4. This power law behavior is associated with bimolecular recombination limited by the thermal activation of charges localized in an exponential density of traps.^[@ref27]^ Because XIND charged species do not absorb at 1000 nm, the only species being monitored is the P3HT positive polaron. As such, this α = 0.4 power law decay can be attributed to recombination between P3HT positive polarons and XIND negative polarons \[the deviation of the power law seen at early times seems to be caused by XIND polymer ground state bleaching ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf))\]. When probed at the XIND polaron at 1200 nm, two decay phases were obtained: a fast component that extends until 10 μs and a slow one that reaches the millisecond time range. Both components showed power law kinetics with α values of 0.8 and 0.4 for the fast and slow phases, respectively. Noting the similarity in α between the 1000 nm kinetics of the P3HT polaron and this 1200 nm probe slow phase, we found the slow phase can therefore also be assigned to recombination between P3HT positive polarons and XIND negative polarons. The 1200 nm probe fast phase, however, is not present when probing at the P3HT polaron at 1000 nm, and this suggests that it can be attributed solely to XIND species, charge recombination between XIND positive and negative polarons within pure XIND domains. This assignment is in accordance with the time scales observed for the same recombination process seen in the pristine XIND polymer sample. This conclusion is also supported by the observation that directly exciting the XIND leads to a higher relative amplitude of this fast phase compared to that of P3HT excitation ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)).

XIND:PC~60~BM dynamics were probed at 1200 nm. The TA decay again showed two different components: one fast component from \<1 to 10 μs and a slower one that continues over 1 ms. Both components can be fitted to a power law, with α values of approximately 0.7 and 0.3 for the fast and slow phase, respectively. The α value of the fast phase in this PC~60~BM blend is similar to that of the P3HT blend, indicating that the fast phase in both blends can be associated with recombination between positive and negative XIND polarons inside pure XIND domains. The slower component was thus assigned to charge recombination between XIND positive polarons and PCBM anions. The α value obtained for this slow phase (0.3) is low compared with those of other PC~60~BM blends in the literature,^[@ref28],[@ref29],[@ref27]^ implying the presence of deep trap states.

The excitation density dependence of the TA decay dynamics was examined for the XIND blends ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)). Both XIND:PC~60~BM and P3HT:XIND behaved similarly, with no evident saturation even at high fluences. Comparing the excitation density dependence of the two decay phases at 1200 nm reveals virtually identical behavior, indicating that both recombination phases operate independently of one another.

The presence of these two polaron decay phases in the blends - an interfacial recombination between donor and acceptor and a bulk recombination inside pure XIND domains - suggests the existence of large pure polymer domains in the blend samples. Atomic force microscopy (AFM) was used to verify this ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the pristine XIND film shows a fibril microstructure that is typically related to high crystallinity.^[@ref30],[@ref31]^ Panels b and c of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} show the AFM images of 1:1 PC~60~BM and P3HT blends, respectively. In both blends, the fibril morphology is lost and large domains (∼90 nm) are seen, as expected.

![AFM images of (a) pristine XIND, (b) 1:1 XIND:PC~60~BM, and (c) 1:1 P3HT:XIND films. Scale bars are 200 nm.](jz-2019-01264k_0004){#fig4}

The presence of two recombination phases relating to bulk and interfacial polarons offers the opportunity to distinguish between these two polaron types spectrally, as well. The spectral evolution over time was therefore investigated, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a shows the P3HT:XIND spectral evolution normalized to the P3HT positive polaron using 700 nm excitation. A clear spectral evolution is observed, with the broad 1400 nm band observed at 1 μs rapidly decaying to reveal a band at 1550 nm at longer times. The 1000 nm band, which does not shift over time, is identical to that of a P3HT:PCBM reference spectrum and thus remains assigned to the P3HT positive polaron. The 1550 nm band, which is apparent on the time scales of the slow recombination phase between P3HT and XIND polarons, must therefore be assigned to interfacial negative XIND polarons. In contrast, the broad 1400 nm band that dominates at early times (and is very similar to that of the pristine XIND spectrum) is likely to be polarons formed within pure XIND domains (bulk polarons).

![Normalized TA spectra recorded over a time range of 1--100 μs of (a) P3HT:XIND and (b) XIND:PC~60~BM films, using 700 nm excitation, and (c) P3HT:XIND and (d) XIND:PC~60~BM films, using 500 and 450 nm excitation, respectively. P3HT:PCBM (black squares and dashed line) and pristine XIND TA spectra at 1 μs have been added to panels a and b, respectively, as references.](jz-2019-01264k_0005){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the spectral evolution over time of the XIND:PC~60~BM blend using 700 nm excitation. A similar trend is observed, where the band centered at 1400 nm quickly decays within 10 μs. In this case, however, the absorption band at long times has a maximum around 1050 nm. This feature was therefore assigned to the XIND positive polaron at the donor/acceptor interface. The same 1050 nm band is present after the 1400 nm band decays in the PC~70~BM blend ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)), consistent with the assumption that this band belongs to the XIND positive polaron rather than a fullerene species. The negative fullerene anion is not apparent, likely due to its much lower absorptivity.

The similarity between the 1400 nm absorption in the XIND:PC~60~BM blend at 1 μs and the pristine spectrum is highlighted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, supporting the assignment of this band to bulk polarons in pure XIND domains. Crucially, the pristine XIND TA shows no spectral evolution ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)), indicating the presence of solely bulk polarons. Furthermore, the sum of the two individual components' spectra together, the bulk polaron spectrum (from the pristine XIND film) and the positive XIND interfacial polaron spectrum \[from the XIND:PC~60~BM blend recorded at 50 μs ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf))\], is identical to that blend's spectrum at 1 μs. This clearly suggests that at early times both interfacial and bulk polarons are present simultaneously.

The observation of bulk polarons and spectrally distinct interfacial positive and negative XIND polarons was investigated further by varying the excitation wavelength. Altering the excitation wavelength to coincide with the second component of the blend \[500 nm for P3HT:XIND and 450 nm for XIND:PC~60~BM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d)\] resulted in behavior identical to that for XIND excitation, in terms of a rapid decay of XIND bulk polarons and long-lived interfacial polarons. Interestingly, despite the XIND component of the blend accounting for only 40% and 20% of the total light absorption for XIND:PC~60~BM and P3HT:XIND, respectively, at these excitation wavelengths ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)), the bulk XIND polaron amplitude (relative to the interfacial polaron) remains remarkably similar to that of selective XIND excitation at 700 nm. In the case of the XIND:PC~60~BM blend, the bulk/interfacial polaron ratio remains the same, while for the P3HT:XIND blend, it decreases by only 20%. This observation implies that, despite the majority of excitons being photogenerated in the second blend component, the relative population of bulk XIND polarons at 1 μs is similar to that observed for selective XIND photoexcitation. In conjunction with the prior observation that interfacial and bulk polarons are present simultaneously at 1 μs, the implication here is that a significant proportion of charges are transferred from the interface to the bulk at times prior to 1 μs.

The effect of the donor:acceptor ratio was also studied, with 1:2 and 1:4 ratios being tested in addition to the 1:1 ratio ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf)). For the P3HT:XIND blends, XIND excitation at 700 nm produces very similar polaron yields irrespective of the blend ratio and regardless of whether the interfacial P3HT polaron is probed (1000 nm) or the bulk XIND polaron (1200 nm). In the case of the bulk XIND polaron, this is consistent with significant charge photogeneration occurring in the bulk of the XIND without any influence from P3HT. In the case of the interfacial polaron, it implies that hole transfer from XIND to P3HT is limited by accessibility to the interfacial area. For P3HT excitation at 500 nm, both polaron yields change substantially across the blend ratio series, with the 1:1 ratio (the greatest interfacial area) producing the highest polaron yields. Crucially, the bulk XIND polaron population at 1400 nm increases from 1:4 to 1:1 with P3HT excitation, despite the decrease in relative ground state absorbance from the XIND component. As such, this is consistent with the hypothesis of charges being transferred from the interface into the bulk, with the efficiency of this process improving as the interfacial area is increased from 1:4 to 1:1.

These results are significant for numerous reasons. First, XIND positive and negative polarons are shown to absorb in different spectral regions (1050 and 1550 nm, respectively). Typically negative and positive polymer polarons are expected to have identical absorption profiles, even in co-polymers.^[@ref32]^ The large differences observed here are likely to be related to the cross-conjugated nature of XIND. Cross-conjugation essentially breaks the conjugation, inhibiting electronic coupling and allowing the two charged species to be spectrally distinct.

Second, the observation of both bulk and interfacial polarons simultaneously on the early microsecond time scales may be a general phenomenon and thus could affect spectral assignments in future donor/acceptor blends. Multiple polaron peaks have indeed been observed in other polymer/fullerene systems.^[@ref28],[@ref33],[@ref34]^ Hypotheses for this behavior have typically centered around delocalized versus localized polarons within polymer domains,^[@ref35]^ but these results show that the location of the charges (bulk or interfacial) may also play a significant role.

Indeed, the ability of XIND to act as both an electron donor and an electron acceptor has allowed bulk and interfacial polarons to be distinguished using TAS for the first time. The bulk polarons generated in pure XIND domains show a spectral profile completely different from those of the interfacial polarons observed at later times. The differing energetics implied by the energy sink hypothesis is consistent with the distinct spectral profiles of the bulk and interfacial polarons. It is important to note that the fast decay of the bulk polarons will likely have a large contribution from recombination of polarons photogenerated within the pure domain (not only polarons that have migrated there from the interfacial regions). In contrast, the remarkably slow decay of interfacial polarons (particularly for the XIND:PC~60~BM blend) may have a contribution from adjacent crystalline XIND domains acting as an energy sink, essentially acting as a trap for XIND polarons and inhibiting recombination. This is consistent with the excitation wavelength and blend ratio dependencies both suggesting a transfer of photogenerated charges from the interface to the bulk and thus provides support for the energy sink hypothesis.

XIND polarons originally generated at the interface that then undergo a long residence/trapping time in the crystalline domains should lead to a blurring of the interfacial and bulk XIND polaron spectra at long times, but this is not observed. There are a number of possible reasons for this. The presence of interfacial dipoles may enhance the molar absorptivity of the interfacial polarons over that of the bulk polarons,^[@ref36]^ thus leading the interfacial polaron signal to dominate at longer times (when its concentration is higher than that of the bulk polaron). This is consistent with the asymmetry of the interfacial polaron peaks in both blends, suggesting the presence of a much weaker additional component that is obscured (the bulk polaron). Furthermore, trap (energy sink) sites for the interfacial XIND polarons may not be located as deep within the bulk as the initially generated bulk XIND polarons and thus could be in a different morphological environment. The extent of polaron delocalization may also play a role.

In summary, a transient absorption spectroscopy study of the XIND polymer has shown its dual electron donor/acceptor character by the creation of XIND polarons when blended with either fullerene or P3HT. The consequent ability of the pristine XIND to generate charges in the absence of an acceptor was used to demonstrate both spectrally distinct negative and positive polarons and spectrally distinct bulk and interfacial polarons. The bulk and interfacial polarons not only displayed clearly different spectral features but also gave rise to different bimolecular recombination kinetics on the microsecond time scale. In particular, the interfacial polarons are unusually long-lived, possibly due to a residence time in low-energy sinks created by crystalline XIND regions. This is also consistent with TA results as a function of excitation wavelength and blend ratio, which demonstrate a transfer of photogenerated polarons from the interface to the bulk, as suggested by the energy sink hypothesis. Finally, the observation of bulk and interfacial polarons provides an additional consideration for future spectral assignments.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b01264](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b01264).Experimental procedure, PL of XIND samples, oxygen sensitivity TA results, solution TA results, sensitization results, TA spectra normalized per photon absorbed, TA kinetics for all blend ratios and excitation wavelengths studied, TA saturation curves, and data for PC~70~BM blends ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01264/suppl_file/jz9b01264_si_001.pdf))
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